This paper aims to document the development of a new GIS-based spatial interpolation module that adopts a multiple linear regression technique. The functionality of the GIS module is illustrated through a test case represented by the island of Crete, Greece, where the models generated were applied to locations where estimates of annual precipitation were required. The response variable is 'precipitation' and the predictor variables are 'elevation', 'longitude' and 'latitude', or any combination of these. The module is capable of performing a sequence of tasks which will eventually lead to an estimation of mean areal precipitation and the total volume of precipitation. In addition, it can generate up to nine predictor variables and their parameters, and can estimate areal rainfall for a user-specified three-dimensional extent. The developed module performed satisfactorily.
INTRODUCTION
The rapid development in geographic information systems (GIS) originally inspired hydrologists to develop new models to work within the GIS environment. GIS can integrate databases, extract the parameters needed for different modelling applications, and process and display the results. However, current GIS packages are sometimes difficult to use and offer limited functions to support environmental modelling (Strebel et al. 1994; Maidment 1996; Sui & Maggio 1999; Paniconi et al. 1999) . Such limitations include a lack of efficient data conversion algorithms, static representations of multiple temporal and spatial data, weak tools for information extraction and aggregation, limited capabilities for managing large numbers of data sets and dealing with relationships among the data sets, and no facility to assess and communicate uncertainties introduced by imprecision and incompleteness (Jelinski et al. 1994; Stafford et al. 1994; Burrough et al. 1996; Goodchild 1996; Taylor et al. 1999; Paniconi et al. 1999; He et al. 2001) . To overcome these problems, four approaches are presented in the literature to link GIS to environmental modelling. GIS and the models are integrated via a common user interface that is developed by either GIS macros and scripts or by conventional programming. User-written libraries or routines are incorporated into a GIS and are called through the pull-down menu of the GIS package (Sui and Maggio 1999; He et al. 2001) .
In this paper, the tight coupling approach is adopted using ArcView Avenue (ArcView GIS programming 
BACKGROUND
Many hydrological processes are subject to chance in the sense that they exhibit substantial variability that cannot adequately be accounted for by physical laws. The difficulty in explaining or predicting hydrological variables arises for three reasons. The first is the inherent randomness of the driving variables and the hydrological system. The second is sampling error-the measurements that hydrologists have to work with are only a small sample from an infinite population. The third is a result of an incorrect understanding of the processes involved. This means that, even if sampling errors were eliminated, there would still be errors in estimating or predicting system outputs from system inputs (Hirsch et al. 1993) .
A common type of multiple linear regression model in hydrology is the stream-flow basin characteristics model (Sauer et al. 1983; Stedinger & Tasker 1985) . Precipitation can also be estimated using multiple linear regression, especially in mountainous regions (Hay et al. 1998) where elevation, range, slope, aspect, exposure, barrier and orientation are used as explanatory (independent) variables. Spatially distributed precipitation is needed to estimate runoff accurately in mountainous terrain. In many cases, a standard (e.g. monthly)
precipitation-elevation relation is used to interpolate precipitation for use in distributed rainfall-runoff models (Risley 1993; Nakama & Risley 1993; Jeton et al. 1995) .
Often, this approach does not accurately represent the spatial distribution of precipitation because the monthly derived precipitation-elevation relation may not be accurate on a daily basis. More complicated methods for distributing precipitation in mountainous regions are available (Daly et al. 1994; Garen et al. 1994; Hevesi et al. 1992) . For example, Garen et al. (1994) present a method that uses detrended kriging to estimate precipitation based on specific precipitation-elevation relations for each time step. They conclude that smoothed elevation and other topographic characteristics such as slope or aspect may be better indicators of orographic effects than elevation alone.
Some studies have related topographic characteristics to precipitation (Spreen 1947; Linsley 1958; Schermerhorn 1967; Storr & Ferguson 1972) . For western Colorado, Spreen (1947) showed that mean winter precipitation was highly correlated with station elevation, maximum elevation within an 8-km radius (barrier height), the fractional circumference of a circle (32 km in radius) not containing a barrier more than 300 m higher than the station (exposure), and the direction of the sector of greatest exposure (orientation). Schermerhorn (1967) found that simple indices of terrain and barrier elevation, as well as a latitude index, explained most of the variation in precipitation among over 280 stations in western Oregon and Washington.
METHODOLOGY Regression analysis
For any system in which variable quantities change, it is of interest to examine the effects that some variables exert on others, since these often result in a complicated relation-
ship. In such a case we may approximate the relationship by a simple mathematical function such as regression.
Regression analysis is a statistical technique that is used to analyse raw data and search for the messages they contain.
The method of analysis used is the method of least squares (LS), which is simply a minimization of the sum of squares of the deviations of the observed response from the fitted response. The model function is of a specified form that involves both the predictor variables and the parameters.
Interaction effects between the variables can also be considered. These would be represented in the models by adding three more terms. The use of a second-order model is also a useful possibility. Second-order models with three predictor variables, as in this case, are particularly useful in response-surface studies, where it is desired to graduate, or approximate to, the characteristics of some unknown response surface by a polynomial of low order. Note that all possible second-order terms will be included in the model, thus leading to ten-parameter models. The general form of the final product is
(1)
where p is precipitation (mm yr − 1 ), x 1 is altitude (m), x 2 is longitude (km) and x 3 is latitude (km).
AVRU also evaluates the R 2 statistic (coefficient of determination) for each case as a convenient measure of the success of the regression equation in explaining the variation in the data. This is expressed as the percentage ratio of the sum of squares caused by the regression to the total sum of squares. The value of R 2 should not be 100% no matter how well the model fits.
ArcView GIS project
The AVRU is a project set up to perform the tasks in sequence through a drop-down menu in the ArcView GIS
package. An ArcView project in its basic format is a collection of views, tables, scripts, layouts and charts. The saved project with all its contents is transferable under the condition that the source location of the themes displayed in the views is transferred along with it. Upon opening the project, all information is retrieved and redisplayed in the same fashion. The project also works as a communication medium between the user, the PC and the project contents.
For example, the user can generate a tool in the project which, upon being selected, will create a new working directory in a specified location. The new work performed within the project can be stored in that new folder. If the project is transferred, it will still perform the same tasks on another PC. The AVRU project is set up as described below. 
4.
The database is then accessed in order to extract the user-specified data (i.e. the response variable precipitation), which can be either monthly or yearly.
Similarly, the response variable is stored as a column in the attribute table of the rain gauges shapefile.
5. The parameter generator uses the information derived in the previous steps to generate the parameters based on the least-squares (LS) method.
The parameters and the coefficient of determination are then stored in one file.
6. Using the parameters generated and the DEM, the mean areal precipitation (in mm) and the total volume of precipitation water (in m 3 ) are estimated.
7. A point shapefile is generated with the amounts of precipitation recorded in one column at each point for future reference.
8. A text format report summarizing the results for the case under investigation is generated, and can be printed from within ArcView.
TEST CASE
The island of Crete, in Greece, occupies the southern part of the country of Greece (as shown in Figure 1 ) with an area of 8,265 km 2 , which is almost 6.3% of the area of 
AVRU STRUCTURE
A geographic information system becomes more powerful when it is tightly coupled with different programming techniques, resulting in a sound decision support system.
The drop-down menu of the project is shown in Figure 3 using the ArcView Avenue scripts, which provide a welldefined mechanism for allowing user-written routines to be called from within the normal user interface of the GIS package. In addition, this language also provides a menudriven graphic interface that makes it possible to guide the user with prompts and explanations throughout the application. In order for this project to work properly, the ArcView Extensions Dialog Designer and Spatial Analyst were loaded into the project.
In addition to the shapefiles and DEM used for the analysis, the project 'mlr.apr' is composed of ten other facilities.
1. Sixty-six Avenue scripts. The scripts are generic, but in some cases they are modified versions of scripts that existed in the ArcView on-line help. Some scripts may run independently to perform an individual task, and some can run in sequence to perform one or several task(s). 9. One executable file (mlr.exe), which is generated from the Fortran code to estimate the parameters.
10. Two batch files (mlr.bat and print.bat) which were written and executed from within ArcView. The first file is to execute the 'mlr.exe' from its location, and the second is to print the report generated.
AVRU uses four main pieces of information from preparation to execution: the location of gauges, rainfall data, regional boundary and a DEM for the region. The project consists of six modules, as described below.
Spatial input data preparation
As shown in Figure 4 , this module mainly deals with the DEM and the view projection. The user is prompted to specify the type of projection, which can be either EGSA87 or any other projection. EGSA87 is the Greek projection that has the parameters described below.
• Transverse mercator. This is a cylindrical projection with the cylinder along the meridian. The result is a conformal projection that maintains small shapes and increasingly distorts larger regions (area and shape) away from the meridian. As meridians run north and south, this projection is best suited for land masses that also stretch north to south.
• Spheroid. To make mathematical calculations easier, the Earth is often treated as a sphere with a radius of 6,370,997 m. This assumption can be used for small-scale maps where the difference between a sphere and a spheroid cannot be detected. However, to maintain accuracy for larger-scale maps, the Earth must be treated as a spheroid (ellipsoid). For this particular case the spheroid is GRS80 (Geodetic Reference System 1980).
• Central meridian. The central meridian is centred on the region of interest. This centering on a specific region minimizes distortion of all properties in that region. For Greece, the central meridian is 24°E.
• Reference latitude. This is the angular distance in degrees north or south of the equator. For this case it is 0. • Scale factor. This is the ratio of the scale at a particular location and direction on a map to the stated scale of the map. In this case it is 0.9996.
• False easting. This is the x-coordinate value assigned relative to the point of origin of the projection. For example, if the origin of the projection (in latitude-longitude) is in the centre of the map, all areas to the west of the origin would be negative when a false easting of zero is assigned. To make the coordinates positive for the entire map, set the false easting to a positive number. In this case the number is 500,000.
• False northing. This is the y-coordinate value The DEM can be generated, if it is not already available, from a triangulated irregular network (TIN), contour lines, spot elevations or a combination of these. The user can then clip the DEM to a specified extent, create a slope grid, or change the resolution of the DEM if desired. It should be noted that the resolution of the DEM has a direct effect on the model results, so higher resolutions are recommended although they may take longer to execute.
The spatial interpolation tool is also available for the user to use conventional spatial interpolation techniques such However, when barriers are specified, processing time is significantly extended.
Database Accessing Tool
A shapefile that contains the locations and names of the gauges is required as input to this tool. Because the locations should be in decimal degrees in order to be visualized in ArcView, a conversion tool, as shown in 
Parameter generator
The number of parameters generated is one more than the number of variables included in the analysis because of Figure 11 | A sample report for one case that is generated using the MLR executor dialog.
the intercept parameter (b 0 ). The user should identify the variables considered for the case being studied through the pop-up menu shown in Figure 7 . The module will then generate the four input files necessary to run the executable 'mlr.exe', read the output file generated, and store the new information in the database file 'par.dbf'. Once the parameters are estimated, the regression model is complete and ready to use.
Model executor
Each grid cell in the DEM has an area, altitude, longitude longitude, altitude, and the x-and y-coordinates, and the estimated value of precipitation. If the user is to specify a smaller area than the full extent, the value of precipitation is 0 outside the specified extent. The user will be informed of the ratio of the extent being analysed to the full extent, as shown in Figure 10 . 
Output report generator
Using the 'write report' button of the pop-up menu (Figure 8 ), the user can write a report, which is normally named ' < casename.txt > ', that is stored in the working directory of the project, as shown in Figure 11 . If the user agrees, the printing job will take place; if not, the user will then enter a new name that can be recognized by the program and the document is sent to the printer.
DISCUSSION
AVRU was used to derive regression models for every year for the 30-year period 1967-1997. Of the 77 gauges available, only 42 recorded data for that period. The analysis was based on the data from these 42 gauges. Their locations are shown in Figure 12 . Precipitation data were also collected from a set of 13 storage gauges (see Figure   12 ) that were mainly installed on relatively higher elevations. These gauges were read only once a year because of problems with accessibility. The models developed were used to estimate precipitation at those locations, as shown in Table 1 .
Generally, the results can be considered satisfactory considering the sparse rain gauge network employed in the analysis, as well as the uncertainty associated with the data collected from the storage gauges as readings were done only once per year. Table 2 . 
